Quantum teleportation, which is the transfer of an unknown quantum state from one station to another over a certain distance with the help of nonlocal entanglement shared by a sender and a receiver, has been widely used as a fundamental element in quantum communication and quantum computation. Optical fibers are crucial information channels, but teleportation of continuous variable optical modes through fibers has not been realized so far. Here, we experimentally demonstrate deterministic quantum teleportation of an optical coherent state through fiber channels. Two sub-modes of an Einstein-Podolsky-Rosen entangled state are distributed to a sender and a receiver through a 3.0-km fiber, which acts as a quantum resource. The deterministic teleportation of optical modes over a fiber channel of 6.0 km is realized. A fidelity of 0.62 ± 0.03 is achieved for the retrieved quantum state, which breaks through the classical limit of 1 / 2 . Our work provides a feasible scheme to implement deterministic quantum teleportation in communication networks.
INTRODUCTION
Quantum teleportation is a reliable protocol for transferring quantum states under the help of entanglement. At first, two subsystems of a prepared entangled state are distributed to a sender and a distant receiver. Then, an input quantum state is jointly measured together with one-half of the entangled state hold by the sender. Successively, the measurement results are transmitted to the receiver through classical channels. Last, the other half of the entangled state hold by the receiver is transformed via a basic operation with the received measurement results to retrieve the teleported state. During the teleporting process, the quantum state is not transferred directly; only its quantum and classical information are sent to the receiver by means of quantum entanglement and classical channels, respectively. The input quantum state is destroyed by the joint measurement at the sending station and retrieved at the receiving station; thus, the purification of the input state will not be influenced by the loss and extra noise in the transmission channels (1) . Since Bennett et al. proposed quantum teleportation in 1993, various researches on theoretical analysis and experimental implementation have been successively completed (1) (2) (3) (4) (5) (6) . Quantum teleportation serves as the cornerstone for building quantum information networks, and it also greatly contributes to completing quantum computation and quantum communication (7) (8) (9) . A variety of quantum information protocols, such as entanglement swapping, quantum repeaters, quantum teleportation networks, quantum gate teleportation, and quantum computation, have already been realized by applying quantum teleportation (10) (11) (12) (13) (14) (15) (16) (17) . Because of the relatively simple generation system and negligible decoherence from noise environment, single-photon qubits have become important physical carriers to realize quantum teleportation over long distances (18) (19) (20) (21) (22) (23) . In 2003, Gisin and colleagues accomplished quantum teleportation of qubits with a 2.0-km standard telecommunication fiber, in which the transmission distance of a quantum state on the order of kilometers was first reached in the discrete variable region (18) . Then, quantum teleportation over 100 km was implemented by Pan's and Zeilinger's groups separately (19, 20) . Very recently, by means of a low-Earth orbit satellite, ground-to-satellite quantum teleportation with a single photon over 1400 km was achieved, which provided a feasible protocol to realize quantum communication at a global scale (23) . Although great progress has been made for demonstrating quantum teleportation of photonic qubits, a probabilistic generation method forms an obstacle to develop instantaneous transfer of quantum states without post-selection. Thus, it is necessary to explore near-deterministic quantum teleportation protocols in quantum communication and teleportation-based quantum computation (9) . Continuous variable (CV) quantum teleportation of optical modes, which is based on entangled states of light, can realize unconditional and deterministic transfer of arbitrary unknown quantum states (3, 4) . Transfer and retrieval for both coherent and nonclassical states, such as squeezed state, entangled state, photonic quantum bits, and Schrödinger's cat state, have been experimentally realized with CV quantum teleportation method in free space (10, (24) (25) (26) (27) . Nevertheless, all these quantum teleportation experiments in the CV region are implemented in laboratories, and the transmission distance is very short. For practical applications of CV quantum teleportation, a key challenge is to extend possible transfer distance.
Here, we report the first experimental realization of CV quantum teleportation through optical fiber channels. Two sub-modes of a CV entangled state of light are distributed to the sender (Alice) and the receiver (Bob) through a 3.0-km-long optical fiber which means that the total fiber length between Alice and Bob is 6.0 km. The fidelity of the retrieved coherent state is about 0.62 ± 0.03, which is higher than the classical limit of 1 / 2 . Furthermore, a fidelity of 0.69 ± 0.03 breaking through the no-cloning limit of 2 / 3 (28, 29) has also been achieved when the transmission distance is 2.0 km.
RESULTS

Schematic of CV fiber-channel quantum teleportation
The schematic for CV quantum teleportation through fiber channels is shown in Fig. 1 , which includes a resource station for providing an Einstein-Podolsky-Rosen (EPR) entangled state of light, a sending station (Alice), and a receiving station (Bob). These stations are connected by optical fibers that are used as quantum channels. In quantum optics theory, a coherent state is defined as the eigenstate of an annihilation operator, and its dynamics most closely resembles that of a classical harmonic oscillator. The expectation values of amplitude and phase 1 quadrature operators of a coherent state are equal to their classical values. The coherent state is a minimum uncertainty state, and its uncertainty is split equally between two quadrature components. It is the closest quantum approximation of an optical field generated by a laser; thus, the coherent state is usually selected as the input state in CV quantum optical experiments (4). In the experiment, EPR entanglement is obtained by coupling two single-mode squeezed states of light, which are generated from a pair of DOPAs operating below their oscillation threshold, at a 50/50 beam splitter (50/50 BS). The wavelength of EPR entangled optical modes is chosen at 1.34 mm (30), which is close to the transmission window of the commercial fiber at 1.3 mm. The amplitude quadrature (x) and the phase quadrature (p) of two sub-modes of an EPR entangled state (EPR1 and EPR2) are expressed byx EPR1ð2Þ and local p), respectively. These joint measurements of the input state and the sub-mode EPR1 provide an analogy of Bell-state measurement in the CV region (5, 31, 32) . If a perfect EPR entangled state (r→∞) is used, then Alice will not be able to obtain any information about the input state. The results measured by Alice (i x , i p ) are transmitted to Bob via two classical channels. Bob modulates his own sub-mode of the EPR entangled state (â EPR2 ) with the received measurement results, which is realized by means of an amplitude electro-optic modulator (AM) and a phase electro-optic modulator (PM). In this way, the input quantum state destroyed by the joint measurements at Alice is recovered by Bob under the help of nonlocal quantum entanglement (3). Last, Victor performs the verification measurements of teleportation results with a homodyne detector (D V ).
Fidelity of recovered quantum state
In quantum teleportation experiments, the output state of Bob is sent to Victor to verify whether quantum teleportation has been successfully implemented. Fidelity F is usually used to quantify the performance of quantum teleportation (29)
which represents the overlap between the input state |y in 〉 and the output state characterized by the density matrix r out . If detectors with perfect unitary efficiencies are used in the experiment, then the fidelity of quantum teleportation for a coherent input state is expressed by (31)
Fig. 1. Experimental scheme of fiber-channel CV quantum teleportation. Two single-mode squeezed states generated by a pair of degenerate optical parametric amplifiers (DOPAs) are coupled to produce an EPR entangled state. The two sub-modes of the EPR entangled state are sent to Alice and Bob through two optical fiber channels, respectively. Then, Alice implements a joint measurement on the unknown input state and the sub-mode EPR1 and sends the measured results to Bob through classical channels. Bob implements a translation for EPR2 by coupling a coherent beam, which is modulated by two joint-measured classical signals, respectively, via an AM and a PM. Last, Victor accomplishes the verification for quantum teleportation. 98/2 BS, beam splitter with reflectivity of 98%; HR, mirror with a reflectivity larger than 99.9%; fiber coupler, used to couple optical modes into the fiber; BHD, balance homodyne detector.
where
s Q is the variance of the teleported state in representation of the Q function, which depends on fluctuation variances of amplitude and phase quadratures (s x W ands p W ). b in and b out are amplitudes of the input state at Alice and the output state at Bob, respectively. g is the gain factor of the classical channels, which usually has an equivalent value for amplitude (g x ) and phase (g p ) quadratures. In the fiber-channel quantum teleportation system, the influence of transmission efficiency and extra noise inside fibers cannot be neglected because of their observable effect on quantum features of the entanglement. Thus, the coupling efficiency of the fiber coupler (h C ) and the transmission efficiency in fiber (h F ) have to be involved in the calculation of fidelity. The extra noises resulting from fiber channels will reduce entanglement and thus decrease the distance of quantum teleportation. In general, the potential sources of noise in fibers include guided acoustic wave Brillouin scattering (GAWBS), Rayleigh scattering, Raman scattering, and so on. Because of its scattering level and impact frequency range, the extra noise generated by the GAWBS forms a notable thermal noise in fiber channels, the effect of which on quantum entanglement distribution and quantum communication is notable and thus has to be considered (33, 34) . In our experiment, a sub-mode of the EPR entangled state and the LO beam are simultaneously transferred in an optical fiber of length l with polarization multiplexing to conveniently lock their relative phase. The depolarized GAWBS scatters some horizontal polarization photons of the LO beam into the signal beam with vertical polarization, which constitutes a thermal-noise source:s 
where With the increasing power of the LO beam, the induced GAWBS extra noise is enhanced, and thus, the quantum entanglement between the sender (Alice) and the receiver (Bob) is decreased. Obviously, the transmission distance is notably influenced by the GAWBS extra noise. The dependences of fidelities of quantum teleportation on the communication distance between Alice and Bob for different powers of LO beams are shown in Fig. 2 , where the actual physical parameters of our experimental system are applied in the calculation. The blue, red, yellow, and green curves express the calculated dependences of fidelities on the communication distance between Alice and Bob when the powers of LO beams are 0.25, 0.50, 1.00, and 2.50 mW, respectively. If the fidelity of quantum teleportation decreases below the classical limit of 1 / 2 , then the quantum teleportation is unsuccessful. The squares mark the experimental results, which are in reasonable agreement with the theoretical values.
Experimental system and results
The detailed experimental schematic is introduced in Materials and Methods. DOPA1 and DOPA2, which are constructed in the same configuration, produce two squeezed states of light with the same spatial pattern and an identical optical frequency. The pump power of DOPA1 (DOPA2) is 15 mW (16 mW), which is below its threshold pump power of 23 mW (24 mW). The relative phase between the pump beam and the injected signal beam for each DOPA is locked at p + 2kp (k is an integer) to enforce the DOPA operating under deamplification conditions (30) . 
S C I E N C E A D V A N C E S | R E S E A R C H A R T I C L E
Under deamplification conditions, the quadrature amplitude squeezed state of light with 5.28 ± 0.16 dB (5.31 ± 0.19 dB) below the corresponding QNL is generated by DOPA1 (DOPA2). Although higher squeezing is possibly obtained with a larger pump power in principle, the extra noise in the anti-squeezing quadrature component also increases (35) . Then, the two squeezed states are coupled to produce an EPR entangled state by a 50/50 BS, and the relative phase between these two squeezed states is maintained at p/2 + kp (k is an integer). The measured correlation variances of both quadrature amplitude sum and quadrature phase difference are 5.21 ± 0.18 dB and 5.18 ± 0.20 dB below the corresponding QNL, respectively. To realize long-distance CV quantum teleportation, the sub-mode EPR1 (EPR2) with the corresponding LO beam (0.25 mW) is sent to Alice (Bob) through a fiber with polarization multiplexing. In Alice's station, an unknown input state and EPR1 are performed a joint measurement using two sets of homodyne detectors to measure amplitude and phase quadratures, respectively. The resulting signals are sent to Bob through classical channels to retrieve the input state with EPR2. To implement the transformation, the amplitude and phase quadratures of a coherent beam in Bob's station are modulated by the received classical amplitude and phase information using an AM and a PM, respectively. The modulated beam is coupled with EPR2 at the mirror M B with a reflectivity of 0.98. The obtained output state of M B closely mimics the original unknown state, and thus, the teleportation of a coherent state of light is completed. Last, the third partner (Victor) measures noise powers and Wigner functions of resultant states and calculates fidelities to verify whether the quantum teleportation is successful or not.
The noise powers of the teleported state at an analysis frequency of 3.0 MHz measured by Victor's balanced homodyne detector are shown in Fig. 3 (A and B) , where two sub-modes of the EPR entangled state are separately transferred through 1.0-km (Fig. 3A ) and 3.0-km (Fig. 3B) fibers, respectively. First, the QNLs are measured by blocking all signal modes, which are shown as black curves in Fig. 3 . Then, if the EPR entangled state is blocked while other light beams are opened, the corresponding classical teleportation is achieved (4) . To realize the teleportation of an unknown state, the classical signals measured by Alice have to be faithfully transmitted to Bob without distortion and with proper phase shift and gain. The measured noise powers of the output state (blue curves in Fig. 3 ) are 4.8 dB above the corresponding QNLs for both quadrature amplitude and phase, that is, because extra two units of vacuum noise have been introduced to the system under the present condition (4). The exact teleportation gain is 0.96 ± 0.04 and 0.96 ± 0.05 for amplitude quadrature and phase quadrature, respectively. The method for measuring teleportation gain is given in Materials and Methods. After the EPR entangled state is distributed to Alice and Bob, noise powers of the teleported state measured by Victor are 1.99 ± 0.13 dB and 1.30 ± 0.19 dB below the noise levels of the corresponding classical teleportation, respectively, for transmission distances of 2.0 and 6.0 km, which are shown as red curves in Fig. 3  (A and B) . Substituting the measured values into Eq. 2, fidelities (F) of 0.69 ± 0.02 and 0.62 ± 0.03 are obtained, which are in reasonable agreement with the theoretically calculated results with the same system parameters.
The Wigner function, which is known as a quasi-probability distribution of quadrature amplitude and phase in phase space, provides the complete quantum characteristics of a quantum state (36, 37) . To intuitively observe the quality of quantum teleportation with different transmission distances, Wigner functions of the initial state and the teleported resultant states are reconstructed in Victor's station, as shown in Fig. 4 . The detailed tomography method and the calculation for the density matrix of the teleported state are given in the Supplementary Materials. Figure 4A is the reconstructed Wigner function for the initial input coherent state prepared by Victor. Figure 4B ( Figure 4C ) is the reconstructed Wigner function for the output state after quantum teleportation with a transmission distance of 2.0 km (6.0 km) between two communicating partners Alice and Bob.
The gain factor g of the classical channels plays an important role in quantum teleportation. If unity gain is selected, then arbitrary quantum state can be transferred with the presented system. Thus, unity gain is chosen in typical experiments (4, 9, (24) (25) (26) (27) . The influence of teleportation gains on fidelity is analyzed in Fig. 5 , where the blue and red curves correspond to transmission distances of 2.0 and 6.0 km, respectively. When the value of g deviates from unity value (0 dB in Fig. 5) , fidelity drops quickly. The blue and red squares mark the experimental results, which are in reasonable agreement with the theoretical values.
DISCUSSION
In conclusion, based on the generation of EPR entangled states at a wavelength close to the fiber transmission window, we experimentally Fig. 3 . Noise powers of the teleported state measured by Victor at 3.0 MHz. The measured noise power of the quantum teleported state over transmission distances of 2.0 km (A) and 6.0 km (B) between Alice and Bob. Curves (i), (ii), and (iii) are the corresponding QNLs of Victor's detection, the noise power of the output state of quantum teleportation with EPR entanglement, and the noise power of teleportation without EPR entanglement (classical teleportation), respectively. The noise power of the quantum teleported output state is 1.99 ± 0.13 dB (1.30 ± 0.19 dB) below that of a classical teleported output state over a transmission distance of 2.0 km (6.0 km). demonstrated deterministic CV quantum teleportation of a coherent state at a distance of several kilometers. The fidelities we achieved are 0.62 ± 0.03 and 0.69 ± 0.02 for 6.0-and 2.0-km communication distances, which are higher than the classical teleportation limit and the no-cloning limit, respectively (29) . The fidelity depends on the quantum correlations of the EPR entangled state distributed to a sending station (Alice) and a receiving station (Bob). Although the correlation degree of the initial EPR entangled state is about 5.2 dB in both amplitude quadrature and phase quadrature, it is reduced to only 2.2 dB when the sub-mode of the EPR entangled state is transmitted through a 3.0-km fiber due to the existence of transmission losses and GAWBS extra noise. The calculated fidelity between the input state and the output state according to the experimental values is only 0.62. In the current experiment, the power of EPR entanglement and the corresponding LO beam are respectively controlled to several microwatts and several hundred microwatts to reduce the influence of GAWBS extra noise. When longer fibers are used, larger optical losses and GAWBS extra noise will be introduced into the experimental system inevitably, which might result in further destruction of quantum correlations of the EPR entangled state. If EPR entanglement is enhanced, then the distance of quantum teleportation and the fidelity of resultant state will be improved. Although one can reduce the influence of GAWBS noise by only transferring the EPR sub-modes through optical fibers and generating the LO beam at the terminal stations (38) , the relative phase between them has to be carefully controlled, and the misadjustment of the relative phase will result in extra noises as well. Another method to reduce the influence of GAWBS noise is to use time-and polarizationmultiplexing techniques in the transmission of the input state and the corresponding LO beam (39) , in which the continual signal beam and the corresponding LO beam are respectively chopped into a series of optical pulses. By choosing proper pulse duration time and delay time between the two pulses, the signal beam and the LO beam will pass through the fiber at different times, and thus, the influence of GAWBS noise can be greatly restrained. By means of the abovementioned technologies, it is possible to notably extend the distance of quantum teleportation (13, 40) .
Quantum teleportation is a basic operation in quantum information science, with which quantum information involved in quantum states can be disembodiedly transmitted, which is impossible by means of any classical communication methods. Besides its theoretical worth in quantum information, it is also a fundamental protocol in quantum technologies. For CV quantum information, if a practical quantum network at the metropolitan scale is designed and built, then quantum teleportation through a several-kilometer channel has to be required. On the basis of the specific advantages of CV quantum teleportation with optical modes, such as high rates and bandwidths, it is necessary to explore the feasible protocol of CV quantum teleportation via optical fiber channels (7) (8) (9) . Although our current experiment is only realized in the laboratory, it provides a method to realize deterministic quantum teleportation in a several-kilometer 5 . Fidelity of quantum teleportation versus the teleportation gain g for different communication lengths between Alice and Bob. In our experiment, the teleportation gains of amplitude quadrature and phase quadrature always take the same values (g x = g p = g) because the two quadrature components are symmetric. The blue and red curves express the dependences of calculated fidelities on the teleportation gain (g) when the transmission distance is 2.0 and 6.0 km, respectively. When g = 1 (0 dB) is selected in the experiment, the best fidelity can be obtained for both conditions. The squares mark the experimental results, which are in reasonable agreement with the theoretical values. Error bars represent the SE and are obtained from the statistics of the fidelity.
range with fiber channels. Transfer distance can be further improved (i.e., longer distances) by decreasing the influence of GAWBS and enhancing EPR entanglement.
MATERIALS AND METHODS
Experimental setup
The experimental setup is shown in detail in fig. S1 . The laser source Nd: YVO 4 /LBO (Yuguang Co., DPSS FG-VIIIB) was operated with a dual wavelength of 1342 and 671 nm, and the corresponding output powers were about 1.0 and 2.7 W, respectively. The two beams with different wavelengths were separated by a dichroic beam splitter; each beam was then passed through a mode-cleaner-infrared (MCI) and modecleaner-red (MCR) to reduce noises in quadrature amplitude and phase and to optimize the spatial modes of beams. In our experiment, the noise of the infrared laser filtered by the MCI reached the QNL at analysis frequencies higher than 2.8 MHz; thus, it can be treated as a coherent state at a frequency of 3.0 MHz. A Fabry-Perot cavity was used to monitor the single-frequency operation of the laser. DOPA1 and DOPA2 were in the same configuration to obtain two analogous squeezed states of light, which will be coupled to produce an EPR entangled state via the interference of spatial modes. The DOPAs had the configuration of a standingwave optical cavity, which contained a pair of concave mirrors and a type 0 quasi-phase-matched periodically poled KTiOPO 4 (PPKTP) crystal with dimensions of 1 mm by 2 mm by 12 mm. The diameters of both concave mirrors are 10 mm, and the curvature radii are 50 mm. The input mirror was coated with film with reflectivity R > 99.8% at 1342 nm and transmission T = 20% at 671 nm, and the output mirror was coated with transmission T = 10% at 1342 nm and reflectivity R > 99.9% at 671 nm. When both DOPAs work under deamplification conditions, i.e., the relative phase between the pump beam and the seeded signal beam was maintained at p + 2kp (k is an integer), two quadrature amplitude squeezed states of light with 5.28 ± 0.16 dB and 5.31 ± 0.19 dB below corresponding QNLs were generated by DOPA1 and DOPA2, respectively. Then, the EPR entangled state was obtained by interfering the two squeezed states of light on a 50/50 BS with the relative phase of p/2 + kp (k is an integer).
The method for measuring teleportation gain
To reduce the influence of GAWBS noise and to maintain the phase locking of balanced homodyne detection, an LO beam power of 0.25 mW was first used. The QNLs [traces (i) in Fig. 3 ] can be easily obtained by blocking all the optical signals with the exception of the LO beam of Victor's detection. A crucial part of quantum teleportation is the transmission of classical information from Alice to Bob. The classical information is the photocurrents measured by Alice's two homodyne detectors, which have to be faithfully transferred to EPR2 at Bob; thus, the AM and PM used by Bob should be without distortion and with proper phase and gain (4, 31) . Half-wave plates before AM and PM must be precisely rotated to ensure that the amplitude modulation and the phase modulation do not disturb each other. According to Eqs. 4 and 5, if the EPR entangled state is not applied in quantum teleportation, the calculated variance should be 3.0 for the teleportation of unity gain; i.e., the variances of both amplitude and phase quadratures should be 4.8 dB higher than the QNL. By carefully adjusting the electric gain of classical information from Alice to Bob, the variances are regulated to 4.8 dB higher than the QNLs [traces (iii) in Fig. 3 ] and the teleportation gain g is selected as unity value. Last, when the EPR entangled state is used, quantum teleportation is realized, and the measured variances are shown as traces (ii) in Fig. 3 . For other values of teleportation gain, the variances in classical teleportation can be calculated with Eqs. 4 and 5. In the same way, by adjusting the electric gain of classical information, the variances can be regulated to the needed values.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ content/full/4/10/eaas9401/DC1 The method to reconstruct the Wigner function of the teleported state Fig. S1 . Experimental setup for fiber-channel CV quantum teleportation.
